The effects of the hydration mechanism on continental crust recycling are analyzed through a 2D finite element thermo-mechanical model. Oceanic slab dehydration and consequent mantle wedge hydration are implemented using a dynamic method. Hydration is accomplished by lawsonite and serpentine breakdown; topography is treated as a free surface. Subduction rates (iole.spalla@unimi.it).
Abstract.
The effects of the hydration mechanism on continental crust recycling are analyzed through a 2D finite element thermo-mechanical model. Oceanic slab dehydration and consequent mantle wedge hydration are implemented using a dynamic method. Hydration is accomplished by lawsonite and serpentine breakdown; topography is treated as a free surface. Subduction rates of 1, 3, 5, 7.5 and 10 cm/y, slab angles of 30 o , 45 o and 60 o and a mantle rheology represented by dry dunite and dry olivine flow laws, have been taken into account during successive numerical experiments. Model predictions pointed out that a direct relationship exists between mantle rheology and the amount of recycled crustal material: the larger the viscosity contrast between hydrated and dry mantle, the larger the percentage of recycled material into the mantle wedge. Slab dip variation has a moderate impact on the recycling. Metamorphic evolution of recycled material is influenced by subduction style. T P max , generally representative of eclogite facies conditions, is sensitive to changes in slab dip. A direct relationship between subduction rate and exhumation rate results for different slab dips that does not depend on the used mantle flow law. Thermal regimes predicted by different numerical models are compared to PT paths followed by continental crustal slices involved in ancient and recent subduction zones, making ablative subduction a suitable precollisional mechanism for burial and exhumation of continental crust.
(iole.spalla@unimi.it).
Introduction
In ocean-continent subduction, crustal material dragged into the subduction zone is composed mainly of ocean crust and sediments, trench sediments and continental slices belonging to the subducting plate (microcontinent) [Ring and Layer , 2003] or early continental collision [Chemenda et al., 1995] or continental slices tectonically eroded from the overriding plate (ablative subduction) [Polino et al., 1990; Tao and O'Connell , 1992; Spalla et al., 1996] . To explain the mechanism causing the exhumation of subducted HP and UHP crustal material (either continental and/or oceanic), several models have been developed during the last 20 years. These models can be grouped into six main classes: a) crust-mantle delamination [Chemenda et al., 1995] , in which crustal rocks exhumation is caused by a continuous underthrusting of eroded portions of the subducting plate; b)
slab break-off [Ernst et al., 1997] , in which the exhumation of crustal slices is consequent to the rebound induced slab-breakoff; c) slab retreat [Ring and Layer , 2003] , in which the continuous underthrusting of continental slices, belonging to the subducting plate, drives the extrusion of HP continental fragments and the retreat of the slab; d) roll-back slab [Brun and Faccenna, 2008] , in which buoyancy forces combined to trench retreat due to the roll-back of the slab, triggered by subduction rate decrease and slab dip increase after collision, drive the exhumation of HP crustal slices; e) decoupling of two main ductile layers [Yamato et al., 2008] , in which mainly negative buoyancy and/or faulting drive exhumation; f) subduction channel flow [Stockhert and Gerya, 2005] , in which the exhumation is driven by the upwelling flow developed in a low-viscosity mantle wedge.
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addition, natural PT data, from subducted continental crust, have been compared with model predictions only for a portion of the Alps, in which continental material underwent eclogitization and subsequent exhumation under very low temperature conditions [Meda et al., 2010] .
In order to verify if natural PT data from continental crust re-equilibrated under HP-LT conditions in other envisaged geodynamic scenario, from other orogenic belts and during different times (from about 400 Ma to about 20 Ma, peak age), can be consequent to the dynamics developed within a hydrated mantle wedge, we perform a parametric analysis using a 2D finite element thermo-mechanical model of ablative subduction with mantle wedge hydration. Another goal of this numerical experiment is to explore the effects of changes in the subduction rate, slab dip and mantle rheology on the P/T ratio characterizing the metamorphic climax, on the serpentinized mantle area and on the amount and rate of crustal exhumation. We present the results of a set of numerical simulations with varying subduction rates (1, 3, 5, 7.5 and 10 cm/y), slab angles (30 o ,
45
o and 60 o ) and mantle rheology (serpentine, dry dunite and dry olivine flow laws).
Finally, numerical model results are compared to PT paths obtained from ancient and recent subduction zones with different slab dips and convergence velocities to make the geodynamic model more quantitative.
Numerical modeling
The physics of the crust-mantle system during subduction is described by the coupled equations for continuity, conservation of momentum and conservation of energy, expressed
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respectively, where ρ is the density, − → v the velocity, p the pressure, − → g the gravity acceleration, τ ij the deviatoric stress tensor, c the thermal capacity at constant pressure, T the temperature, K the thermal conductivity and H the heat production rate per unit mass. Equations (1), (2) and (3) are solved by means of the 2D finite element code Sub- et al., 2006; Marotta and Spalla, 2007] , here modified to account for mantle wedge hydration mechanism and erosion/sedimentation processes, as described in the next paragraph. Integration of equation (2) is performed using the penalty function formulation. Temporal integration of equation (3) is performed using the upwind Petrov-Galerkin method and with a fixed time step of 0.1 My.
Geometry and boundary conditions
The numerical solution of (1), (2) and (3) is performed in a 2-D domain 1400 km wide and 708 km deep (Figure 1 ), discretized by an irregular grid, composed by 2808 quadratic triangles and 6000 nodes. The linear size of the elements ranges from 2 km, in the mantle wedge area, to 20 km at the margin of the model. Some results of the resolution tests performed initially are presented in Appendix A. Materials (Table 1) are compositionally differentiated via the Lagrangian particle technique [Christensen, 1992] . At the beginning of each simulation, 973080 markers, identified by different indexes, are distributed with a density of 1 marker per 0.25 km 2 to define the atmosphere, the sediments, the oceanic D R A F T June 24, 2011, 12:55am D R A F T crust, the continental crust and the lithospheric mantle. The position of the individual particles during the evolution of the system is calculated by applying the first order (both in time and in space) Runge-Kutta scheme (Appendix B).
To study the effects of mantle rheology variations, a dry dunite and a dry olivine flow law are chosen to represent two different unserpentinized mantle rheologies. A constant viscosity of 10 19 P a·s is chosen to approximate the serpentinized mantle flow law according to Honda and Saito [2003] , Gerya and Stockhert Thermal boundary conditions correspond to fixed temperatures at the 8 km thick uppermost atmospheric layer (from 8 to 0 km depth) and at the bottom of the model domain, 300 K and 1600 K, respectively, and to zero thermal flux through the vertical sidewalls. The initial thermal configuration corresponds to a constant temperature of 300 K in the atmosphere, a uniform upper purely conductive thermal boundary layer throughout the lithosphere (from 0 to 80 km depth and from 300 K to 1600 K) and a uniform sub-lithospheric temperature of 1600 K. The isotherm 1600 K represents the base of the lithosphere throughout the evolution of the system. 
Topographic surface
The topographic surface is treated as a free surface between the crust and the low density, low viscosity layer that simulates the atmosphere (8 km thick). Erosion and sedimentation processes are simulated by evaluating, at each time step, the size of the accrectionary prism, which is generated by the combined effects of oceanic plate bending and the ablation of the overriding plate. We simulated the instantaneous erosion of continental crust and the consequent (total or partial) filling of the accrectionary prism by using a substitution technique, in which all the crustal particles lying above 2 km are replaced with air particles, and an equal number of sediment particles are introduced into the trench region (to respect global mass conservation), This procedure reproduces the erosion and sedimentation rates variable in time, as function of the system dynamics.
Hydration and serpentinization of mantle wedge
Phase diagrams for H 2 O-saturated average mantle peridotite show that in the serpentine stability field, hydrous phases have the maximum H 2 O contents. The water loss related to the serpentine destabilization is greater than 50 wt%, and the water content approaches zero consequent to chlorite destabilization [Schmidt and Poli, 1998 ]. In this study the progressive mantle hydration is controlled by serpentine stability field calculated from Schmidt and Poli [1998] using the following equations: 
Model predictions
In this section we analyze the effects of dip, subduction rate and mantle rheology changes on the thermal and dynamic evolution of the system (Table 2) . We consider to be exhumed continental crust all particles that have been buried below and recycled above 40 km depth, which is the starting crustal thickness. Thus, for all simulations, we count the recycled markers to obtain the ratios of buried/exhumed material (exhumation %), the hydration area width, the average of the maximum and minimum pressure values reached by particles during burial and exhumation stages (P max , P min ), the temperature values predicted for P max (T P max ) and the maximum temperature values reached by the recycled particles during the complete burial/exhumation loops (T max ). We also considered two exhumation rates: the maximum exhumation rate (Max. exh. rate), which is calculated from the upward velocity vectors recorded along the mantle wedge, and the total exhumation rate (Total exh. rate), which is obtained from analysis of the PTt-paths using the ratio between (Y Pmax -Y P min ) and the time span. The increase of subduction velocities induces a decrease in the dip of the oceanic slab ( Figure 4b ). Velocity also influences the mantle wedge kinematics: for slow subduction
(1 cm/y) the less efficient counter-clockwise flow is not sufficient to allow the exhumation of a discrete crustal mass. On the contrary, the accrectionary prism is well developed, and a large sediment mass is buried. The fastest subduction zones simulated (10 cm/y)
show a well-developed counter-clockwise flow, and a large amount of recycled markers is carried up to the surface ( Figure 4b ). The accrectionary prism is not well-developed, and a small mass of sediments is buried to depth. At medium subduction rates (3-5 cm/y), the exhumation percentage is the highest; this is due to the dominance of the upwelling
flow on the burial flow. In contrast, for fast subduction, burial flow dominates over the upwelling flow, preventing a large exhumation percentage.
The thermal patterns are also strongly affected by the subduction velocity, with a moderate increase of thermal erosion for fast subduction. In general, however, we observe a prevalence of conduction rather then advection in all models, due to the low angle of the subducting plate and consequent low thermal erosion for all subductions. The hydration area is also affected by the subduction plate velocity, reaching a maximum value for medium subduction rates (3 and 5 cm/y; Figure 3a , blue dots).
A statistical analysis of recycled crustal particles reveals that the markers reach a maximum mean pressure of 1.4-1.65 GPa (1.85 GPa maximum peak pressure) before exhumation, with a moderate dependence on the subduction rate. Upon increasing mantle viscosity, achieved by switching from a dry dunite rheology to dry olivine (Table 1) , a decrease of the slab dip is observed. The thermal and kinematic structure is also influenced, with consequent variations in hydration area. In fact, the hydration area displays a moderate increase for high subduction rates, with an opposite behavior with respect to dry dunite runs ( Figure 3a , green lines). Under a change in rheology the ratio of buried/exhumed particles increases (but with the same subduction rate dependence) because of strong viscosity gradients at the transition between the hydrated and dry mantle ( Figure 5e , green dots). P max increases to a mean maximum value of 1.8
GPa (2.25 GPa maximum peak pressure) along with increases in T max and T P max ( Figure   5f , b and a, green dots). Same as hydration area also exhumation percentage displays an increase for fast subduction (7.5-10 cm/y) ( Figure 5e , green dots). material and higher mean P max values, which reach 1.8-2.0 GPa for medium velocities.
45 o dip simulations
The maximum P max value reaches about 2.35 GPa for the 3 cm/y model ( Figure 6e and f, green full dots). As in the previous simulations, a no-hydrated (white) area, is located in the mantle wedge, entrapped among the upper plate, the ablated continental crust and the hydrated mantle. Part of it is attributable to the P-T conditions de facto out of the chosen serpentine stability field. In the remnant part, although the predicted local P-T conditions might be favorable to mantle hydration, hydration actually does not occur since we have [1998], who showed that the most important contribution of dehydration occurs below 30 km depth, as already specified in the numerical modeling section.
60
High dip models show a relative high exhumed/buried particles ratio for slow subduction models (1-3 cm/y) and the ratio decreases with velocity increase (Figure 7e , blue full dots).
Furthermore, only for slow subduction, a discrete lithospheric mantle-crust mixing occurs into the mantle wedge (Figure 4e ). Analysis on recycled crustal particles show a low P max values (max 1.8 GPa) and a similar range of T max and T P max (from 600 o C to 800 o C), both This is in agreement with geodynamic models at the scale of the whole belt, implying subduction and exhumation of the Austroalpine crust before continental collision [Platt, 1987; Polino et al., 1990; Spalla et al., 1996; Stockhert and Gerya, 2005] . accomplished by a combination of west-directed thrusting followed by normal faulting.
The characteristics of these natural subduction zones are summarized in Table 3; As a function of subduction velocity, natural exhumation rates are comparable to the simulated exhumation rates, as obtained from PTt-paths (total exhumation rates, Figure   9 ). Only Aegean1 shows an exhumation rate higher than those predicted, although it is of the same order of magnitude. The maximum exhumation rates, which are obtained from the modulus of the upwelling flow vectors, are one order of magnitude higher then those obtained from PTt-paths, and they are not compatible with the natural exhumation rates ( Figure 9 ). This discrepancy could be due to the non-linear trajectories of crustal particles during the exhumation stages.
We find generally good agreement between natural PT evolution and numerical predic- [2002], the exhumation rates obtained from complete PTt-paths of early ocean/continent subduction stages are one order of magnitude lower than subduction rates, as pointed out by the worldwide subduction review by Agard et al. [2009] . Thus, the higher exhumation rates may refer to either collisional events or to pre-collisional transient stages.
Comparison with other numerical models of subduction zones
In this section we compare our results with the results of other numerical models ac- [2009] pointed out that the introduction of shear heating and water percolation of hydrated sediments, located into the accrectionary prism, may reduce the friction between the facing plates, up to totally decoupling. Thus, ablation decreases and a one-side subduction, characterized by an accrectionary margin, develops [Clift and Vannucchi , 2004] .
Within the accretionary wedge models, Yamato et al. [2007, 2008] However, both the amount and the P max of the exhumed materials strongly depend on the existence of an accrectionary prism larger then those at present described in natural environments [Cloos and Shreve, 1988b; Guillot et al., 2009] . In addition the accrectionary prism dimension depends on slab dip, subduction rate, coupling/decoupling and sedimentation/erosion rates on the size of the accrectionary prism [Faccenda et al., 2009] .
Furthermore, differently from our study, no continental crust exhumation occurs before the collision.
Summary and conclusions
The parametric analysis performed for ocean/continent convergent systems points out that ablative subduction is a highly efficient process for dragging large masses of upper and lower continental crust, belonging to the overriding plate, to deep levels. In particular, ablative subduction is much more efficient for low slab dip due to the stronger coupling between the oceanic and continental plates. The subduction rate has also been observed to have a moderate influence on ablative subduction efficiency. In addition to slab dip, in values display a positive correlation with the subduction angle and a low variation with subduction rate. In 30 o simulations thermal gradients along the mantle wedge are low and T P max and T max values are comparable within the same subduction rates. In contrast, in 60 o simulations thermal gradients increase along the mantle wedge, and strong thermal and mechanical erosion occur at the base of the overriding plate. The accrectionary prism is strongly affected by the subduction rate and the subduction dip: increasing both parameters decreases the width of the prism and is accompanied by an increase in trench depth. Variations in mantle rheology affect the slab geometry for low and moderate subduction dips. We also predict a strong effect on P max as recorded by crustal markers.
Mantle viscosity has a positive correlation with P max values due to the strong viscosity gradient generated at the transition between hydrated and dry mantle.
It is worth stressing that the small scale circulation in the wedge area, allowing a huge 
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where µ 0 i is the reference viscosity of generic material i at the reference temperature T 0 , E i a the activation energy and T the temperature. Since only a viscous rheology is considered, the crust is expected to remain strong at much higher stresses than the brittle limit and we introduce a viscosity cut-off value of 10 [Ranalli and Murphy, 1987] , (b) [Kirby, 1983] , (c) [Chopra and Peterson, 1981] , (d) [Karato and Wu, 1987] , (e) [Dubois and Diament, 1997; Best and Christiansen, 2001] , (f) [Haenel et al., 1988] , (g) [Gerya and Stockhert, 2002] . [Brun and Faccenna, 2008] , (4) [Rossetti et al., 2004] , (5) [Thomson et al., 1998 ], (6) [Ring and Layer , 2003 ], (7) [Gosso et al., 2010] , (8) [Gazzola et al., 2000] , (9) [ Thoni and Miller , 1996] , (10) [Patrick , 1995] , (11) 
